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Current therapies to treat inflammatory bowel diseases have limited efficacy, significant side effects, and often

wane over time. Little is known about the cellular and molecular mechanisms operative in the process of mucosal healing

from colitis. To study such events, we developed a new model of reversible colitis in which adoptive transfer of

CD4þCD45RBhi T cells into Helicobacter typhlonius–colonized lymphopenic mice resulted in a rapid onset of colonic

inflammation that was reversible through depletion of colitogenic Tcells. Remission was associated with an improved

clinical and histopathological score, reduced immune cell infiltration to the intestinal mucosa, altered intestinal gene

expression profiles, regeneration of the colonic mucus layer, and the restoration of epithelial barrier integrity. Notably,

colitogenic T cells were not only critical for induction of colitis but also for maintenance of disease. Depletion of

colitogenic Tcells resulted in a rapid drop in tumor necrosis factor a (TNFa) levels associated with reduced infiltration of

inflammatory immune cells to sites of inflammation. Although neutralization of TNFa prevented the onset of colitis,

anti-TNFa treatment of mice with established disease failed to resolve colonic inflammation. Collectively, this new model

of reversible colitis provides an important research tool to study the dynamics of mucosal healing in chronic intestinal

remitting–relapsing disorders.

INTRODUCTION

Animal models of colitis have significantly contributed to the
understanding of the pathogenesis of inflammatory bowel
diseases (IBD) and resulted in the identification of a wide range
of clinically approved immunological targets and therapeutic
objectives for the treatment of IBD.1 Although existing
therapeutic approaches efficiently attenuate inflammatory
processes during active disease, little is known about the
pathways operative in maintaining remission in colitis and
associated mucosal healing.2 Repeated damage to the intestinal
epithelium and associated alterations in intestinal epithelial
barrier integrity are key features of IBD.3 A leaky intestinal
epithelial barrier favors translocation of commensal bacteria to
the underlying mucosa causing uncontrolled activation of

immune cells resulting in chronic intestinal inflammation and
associated tissue damage.4,5 Suppression of inflammation and
restoration of intestinal barrier integrity to limit uncontrolled
exposure to luminal microbes and antigens is key for induction
of remission in colitic mice and associated mucosal healing.
Studies from humans and mice suggest that following
inflammation-induced damage and epithelial erosions, intest-
inal epithelial cells (IECs) rapidly increase their proliferative
capacity to restore barrier integrity.6–8 This process is partially
mediated by growth factors (e.g., epidermal growth factor,
fibroblast growth factor), cytokines (e.g. transforming growth
factor-b, interleukin (IL)-6, IL-22), anti-inflammatory signal-
ing pathways (via Trem2),9 or microbial-derived products
(lipopolysaccharide, CpG)10 that directly act on IECs to
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stimulate intracellular signaling cascades such as nuclear
factor-kB and signal transducer and activator of transcription
factor-3 to enhance survival and proliferation of
IECs to replenish damaged or dead cells.6,11–13 A better
understanding of the cellular and molecular processes operative
during mucosal healing may help to develop new therapeutic
intervention strategies that in concert with existing treat-
ment protocols could help to maintain remission in patients
with IBD.

The limited knowledge on how mucosal healing is regulated
in chronic intestinal remitting–relapsing disorders can be
attributed to the lack of suitable model systems where remission
is consistently induced in animals with established disease.
Experimental systems that lead to a self-limiting inflammatory
response against pathogens in the intestinal mucosa, such as
infection with Citrobacter rodentium, a murine-specific
bacterial pathogen that is closely related to the human
pathogens enteropathogenic Escherichia coli and enterohemor-
rhagic E. coli14 and a mouse model of Salmonella-infection in
streptomycin-treated mice15 have been instrumental not only
in identifying key factors, host-, microbiota-, or pathogen-
derived, which affect the successful infection, but also clearance
of the pathogen. However, in these models of self-resolving
bacterial-induced intestinal inflammation, pro-inflammatory,
anti-inflammatory, and pro-resolving mechanisms may be
simultaneously operative making it difficult to study early
cellular and molecular pathways implicated in mucosal healing
from acute intestinal inflammation. In addition to infection-
induced models of intestinal inflammation, exposure of mice to
dextran sodium sulfate (DSS) in the drinking water to induce
acute or chronic intestinal inflammation has been used to study
resolution of colitis upon replacement of DSS with normal
water. However, the kinetics and the severity of colitis in the
DSS colitis model are critically influenced by a number of
factors, such as the intestinal microbiota, or differences in the
amount of water and DSS consumed by individual mice. This
often results in highly variable kinetics of colitis development
and, hence, an unpredictable extent of remission induction
from colitis.16 Further, adoptive transfer of sort-purified
regulatory T cells (Tregs) into colitic CD4þ CD45RBhi

transferred into lymphopenic mice has been demonstrated
to promote resolution from T-cell-mediated intestinal inflam-
mation in most recipients within 10–14 weeks after transfer.17

Although this elegant model proved the potential of Tregs to
reverse established colitis in an IL-10-dependent manner,18 the
considerable variation observed in the proliferative expansion
of transferred Tregs and the delay until first indications of
remission make it difficult to reliably define key mechanisms
operative in resolution induction. Hence, a major disadvantage
of these previously described remitting models of colitis is the
unpredictable timing and extent of remission induction.

Here we developed a new mouse model of reversible T-cell
colitis in which induction of remission in colitic mice can be
timed precisely by antibody-mediated depletion of colitogenic
T cells in mice with established disease. Depletion of CD4 T
cells in Helicobacter typhlonius–colonized (Hþ ) lymphopenic

hosts previously transferred with CD4þ CD45RBhi T cells to
induce active intestinal inflammation resulted in rapid mucosal
healing within 10–11 days after first antibody treatment
characterized by rapid regeneration of the mucus layer and
restoration of intestinal epithelial barrier integrity. Impor-
tantly, anti-CD4 treatment led to a rapid drop of circulating and
colonic tumor necrosis factor a (TNFa) levels associated with
reduced innate immune cell infiltration to sites of inflamma-
tion. However, the disease-remitting effect of anti-CD4
treatment could not be solely attributed to the observed rapid
decrease in systemic and intestinal TNFa levels, as neutraliza-
tion of TNFa in mice with active colitis failed to induce
remission. Employing this new model system, we characterized
cellular and molecular processes associated with treatment-
induced remission in colitis and mucosal healing with the aim
to further substantiate the value of this model for both
mechanistic and preclinical efficacy studies.

RESULTS

Depletion of colitogenic CD4 T cells rapidly induces
remission in intestinal inflammation

Mucosal healing is emerging as a new key treatment goal in IBD
as induction and maintenance of clinical remission by targeting
excessive local immune responses has proven insufficient to
change the natural history of IBD.2 In order to study mucosal
healing in the context of IBD, we established a new animal
model to investigate cellular and molecular mechanisms
associated with remission in mice with active colitis. To do
so, we first induced active intestinal inflammation by adoptive
transfer of CD4þCD45RBhi T cells into Hþ lymphopenic mice
prior to repetitive administration of CD4-depleting antibodies
(Figure 1a). Therapeutic administration of anti-CD4
antibodies to mice with established disease (clinical scores
8–10) resulted in a rapid improvement of clinical signs as early
as 24 h after CD4 T-cell depletion, characterized by reduced
weight loss and occurrence of diarrhea that resolved within 11
days after first antibody treatment (Figure 1b). Although mice
with active disease presented with severe colonic histological
changes characterized by cellular infiltration of the lamina
propria, loss of goblet cells, crypt abscesses, epithelial erosion,
hyperemia, and thickening of the colonic mucosa, depletion of
colitogenic CD4 T cells resulted in an overall improvement of
the histological findings with progressive anti-CD4 treatment
(Figure 1c,d). To track remission in intestinal inflammation in
individual mice, we employed endoscopy as a widely used
technique that allows for non-invasive examination of the
intestine. In line with the histological analyses (Figure 1d),
anti-CD4-treated mice showed greatly reduced macroscopic
signs of colitis compared with mice with active intestinal
inflammation (Figure 1e). Importantly, the presence of H.
typhlonius was not a prerequisite for the onset of colitis and
induction of remission in active disease but substantially
affected the kinetics of disease development. Although Hþ

mice developed colitis upon transfer of colitogenic T cells
within 9–12 days, colitis induction in H. typhlonius negative
(H� ) mice was significantly delayed with mice starting to show
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clinical signs of colitis (e.g., weight loss, diarrhea) by days 24–30
after CD4 T-cell transfer (see Supplementary Figure S1A
online). Despite different kinetics of disease onset in Hþ vs.
H� mice, depletion of colitogenic CD4 T cells in mice with
established disease promoted the induction of remission in
colitis at similar kinetics irrespective of the colonization status
of mice (see Supplementary Figure S1B,C). Furthermore,

infection with H. typhlonius by oral gavage of live bacteria did
not result in significant alterations of local and systemic
immune responses as assessed at different time points after
infection and compared with mice permanently colonized
with Hþ or Hþ mice with active colitis (see Supplementary
Figure S2A–C). Given the accelerated and highly predictable
kinetics of colitis induction in Hþ mice, we decided to use

Figure 1 Depletion of colitogenic CD4 T cells rapidly induces remission in mice with intestinal inflammation. (a) Treatment protocol: Rag� /�H.
typhlonius positive (Hþ ) mice were transferred with either 2�105 CD4þCD45RBhi T cells alone to induce colitis or injected with 2� 105 CD4þCD45RBlo

CD25þ T cells as controls (control transfer). Upon induction of active intestinal inflammation (clinical scores 8–10), mice were treated with depleting CD4
antibodies (500 mg per mouse) three times on days 9/10,12/13, and 15/16 to induce remission in colitic mice. p.d.: postdepletion; p.t.: posttransfer. (b)
Clinical disease scores of mice with active intestinal inflammation and upon anti-CD4-induced remission in colitis. (c) Histopathological scores of naive
mice, control transferred mice, mice with active disease, or in remission in colitis. (d) Hematoxylin and eosin staining of colonic tissue sections from control
mice, mice with active disease, or mice depleted of colitogenic CD4 T cells to induce remission in colitis at day 11 after anti-CD4 depletion (p.d.).
Bars¼100 mm. (e) Representative colonoscopy of a naive mouse prior T-cell transfer, during active colitis, or in remission in colitis (11d after anti-CD4
depletion). For a–d, pooled data from five independent experiments with n¼ 7–12 mice per group are shown. For e, representative colonoscopy of one
animal with n¼3–5 mice per group. Graphs represent mean values of individual mice. Statistics compare mice with active disease vs. mice in remission in
colitis using one-way analysis of variance with Tukey’s multiple comparison test; **Po0.01; ***Po0.001.
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Hþ recipients that reproducibly and progressively lose 10–15%
of their initial body weight between days 9–12 upon adoptive
transfer of colitogenic CD4 T cells. Together, these data indicate
that depletion of colitogenic CD4 T cells in mice with
established disease resulted in the suppression of active
intestinal inflammation and the induction of mucosal healing
as assessed by clinical and histological disease parameters.

Reduced cellular infiltration to sites of inflammation in
response to treatment-induced remission in colitis

Infiltration of the intestinal mucosa by immune cells is a critical
hallmark and causative of IBD.19–21 To examine the distribu-
tion of infiltrating cells to sites of inflammation during active
disease and upon treatment-induced remission in colitis, we
employed a flow cytometric approach. Upon adoptive transfer
of CD4þ CD45RBhi T cells into lymphopenic hosts, colitogenic
CD4 T cells infiltrate and proliferate in the large intestine
(Figure 2a). In line with local expansion and accumulation of
colitogenic CD4 T cells, we observed the infiltration of
neutrophils, monocytes, macrophages, and dendritic cells to
colonic tissues of mice with active disease (Figure 2b,c). Next,
we tested whether therapeutic administration of anti-CD4
antibodies is associated with reduced leukocyte infiltration to

the sites of intestinal inflammation. Anti-CD4 treatment of
mice with established disease resulted in a rapid and efficient
depletion of CD4 T cells from the small and large intestine, the
spleen, and the blood (Figure 2a, and data not shown).
Importantly, few CD4 T cells with low proliferative capacity as
demonstrated by Ki67 staining persist in the intestinal tract
(Figure 2a) upon anti-CD4 treatment. Although depletion of
colitogenic CD4 T cells results in remission from colitis 11 days
after first antibody treatment, colonic inflammation is relapsing
starting around days 22–25 after first depletion if mice in
remission are not continuously treated with anti-CD4
antibodies beyond day 11 (see Supplementary Figure S3).
This further allows studying mechanisms operative during
different phases of relapsing–remitting colitis. In line with a
reduction in clinical and histological disease scores
(Figure 1b,c), depletion of colitogenic CD4 T cells was
paralleled by a reduced recruitment of neutrophils and
monocytes to sites of inflammation and a blunted local
expansion of macrophages in the large intestine (Figure 2b).
Using Cx3cr1GFP/þ mice, we demonstrated that the majority of
macrophages in the inflamed colon consisted of infiltrated
inflammatory macrophages (Cx3cr1lo), which decreased
rapidly upon anti-CD4 treatment, while the frequencies of

Figure 2 Reduced colonic cellular immune infiltration in response to treatment-induced remission in colitis. (a) Total numbers of infiltrating CD4 T cells
and frequencies of proliferating CD4 T cells in the colon of control Hþ Rag� /� mice, mice with active disease, or mice in remission in colitis at the indicated
time points after first anti-CD4 depletion. (b) Total numbers of infiltrating neutrophils, dendritic cells (DCs), monocytes, and macrophages in the colon. (c)
Frequencies of Cx3cr1lo (pro-inflammatory) and Cx3cr1hi (resident) Ly6cþ monocyte/macrophage cell populations in the colon of CD4 T-cell transferred
Hþ Cx3cr1GFP/þ Rag� /� mice. Cells were gated as singlet, live, CD45þCD3�NK1.1�CD19�Ly6G� cells; DCs: MHCIIþCD11cþ ; monocytes:
CD11bþLy6Cþ ; macrophages: MHCIIþCD64þ ; neutrophils: CD11bþGR1þ ; Cx3cr1 expressing (hi/lo) cells: CD11bþGR1�Ly6cþ GFPhi/lo; CD4 T
cells: singlet, live, CD45þCD4þTCRabþCD3þ . Pooled data from four independent experiments with n¼ 7–10 mice per group are shown. *Po0.05;
**Po0.01.
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resident (Cx3cr1hi) macrophages did not change in response
to induction of remission compared with mice with
active disease (Figure 2c). Together, these data demonstrate
that depletion of colitogenic CD4 T cells in mice with
established disease was associated with a rapid reduction in
the infiltration of immune cells to sites of inflammation with
alterations in the local composition of the macrophage
compartment.

Treatment-induced remission in colitis alters intestinal
gene expression profiles

In addition to our analyses of cellular responses (Figure 2), we
aimed to gain more insight into molecular processes during the
different disease stages of colitis. Therefore, we evaluated gene
expression profiles in whole colonic tissue samples derived from
control mice, mice with active disease, and mice in remission on
days 1, 3, and 11 after anti-CD4 treatment, employing custom-
made RT Profiler PCR arrays. Values obtained were normalized
with the corresponding values from anti-CD4-treated
lymphopenic mice transferred with CD4þ CD45RBlo

CD25þ T cells and thus do not develop colitis. In line with
a reduced infiltration of immune cells to the colonic mucosa of
colitic mice in response to anti-CD4 treatment, treatment-
induced remission was associated with significant changes in
colonic gene expression profiles (Figure 3). Although mice with
active disease presented with elevated expression levels of pro-
inflammatory mediators, including Ifng, Il1a, Il1b, Il6, Trem1,
Il33, Tnfa, Il17a, and Il17f, treatment-induced remission
correlated with a rapid reduction in the expression levels of
these genes over time. Further, remission in colitis was
associated with a reduction in chemokines, including Ccl2,
Ccl3, Cxcl1, Cxcl2, and Cxcl10, compared with mice with active
disease. In order to corroborate the impact of H. typhlonius
colonization in our model system, mRNA expression and/or
protein levels were assessed in H� and Hþ mice with
comparable colonic levels of pro- and anti-inflammatory
mediators, chemokines, and IEC-related responses (see
Supplementary Figure S4A,B). Together with alterations in
the cellular content in the large intestine in mice with active
intestinal inflammation vs. remission (Figure 2a–c), these data
provide a comprehensive analysis comparing colonic gene
expression profiles of mice with active disease and mice in
different stages of remission.

Remission in colitis is associated with a rapid regeneration
of the colonic mucus layer

The intestinal epithelium and its covering mucus layer
represent important barriers that limit microbial leakage into
the underlying lamina propria.3,4 Targeted genetic manipula-
tion of key components of the mucus layer in animal models
have been associated with weakening of the protective function
of the intestinal mucus layer and the development of bacterial-
induced intestinal inflammation.22,23 The concept of the mucus
layer functioning as a highly dynamic protective barrier was
demonstrated in intestinal inflammatory conditions in which
altered goblet cell responses promote enhanced mucus
secretion to avoid direct microbial exposure to IECs.24,25 In

IBD, however, the mucus layer is compromised likely due to a
loss of function of mucus-secreting goblet cells favoring the
penetration of microbes to the intestinal mucosa causing
uncontrolled immune cell activation and tissue damage.26,27 To
study the dynamics of the mucus layer in response to active
intestinal inflammation and upon induction of remission we
isolated colonic tissue samples from either naı̈ve control mice,
mice with active disease or mice in remission. To visualize the
structure of the mucus layer, we either stained colonic tissue
sections with periodic-acid Schiff or antibodies specific for
Muc-2, a major component of the intestinal mucus layer in

Figure 3 Treatment-induced remission in colitic mice alters intestinal
gene expression profiles. Heat-map representing colonic gene expression
profiles of pro- and anti-inflammatory mediators, chemokines, intestinal
epithelial cell (IEC)-related response genes, and others in Rag� /� Hþ

mice with active intestinal inflammation or mice treated with anti-CD4
antibodies at days 1, 3, and 11 postdepletion (p.d) to induce remission in
colitis. RNA values were normalized to the endogenous control genes
Gapdh and b2-microglobulin and presented as fold induction/reduction
over mice that were transferred with CD4þ CD45RBlo CD25þ T cell and
subsequently depleted of CD4 T cells on day 11 p.t. Pooled data from four
independent experiments with n¼5–8 mice per group are shown.
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mice (Figure 4a). Although the mucus layer in colitic mice
was completely compromised, treatment-induced remission
was associated with an increased proliferation of colonic
epithelial cells as demonstrated by anti-Ki67 staining
(see Supplementary Figure S5) and associated restoration
of the mucus layer, most likely owing to a rapid recovery of
goblet cell function in response to mucosal healing (Figure 4b).

Intestinal epithelial erosion is a hallmark of IBD resulting in
translocation of commensal bacteria to the underlying mucosa
and uncontrolled activation of immune cells promoting
immune-mediated tissue damage.28 In addition to demonstrat-
ing the restoration of the colonic mucus layer in response to
mucosal healing, we performed in situ hybridization to study
the spatial distribution of bacteria in colonic tissue sections

Figure 4 Restoration of colonic mucus layer in response to depletion of colitogenic CD4 T cells and associated mucosal healing. (a) Periodic acid-Schiff
staining (PAS), Muc-2 staining and 16S rRNA in situ hybridization of colonic tissue sections from naive control Rag� /� Hþ mice, mice with active disease,
or mice depleted of colitogenic CD4 T cells to induce remission in colitis on days 1, 3, 5, and 11 after anti-CD4 depletion (postdepletion (p.d.)).
Bars¼100 mm. (b) Goblet cells per crypt and crypt length measured on Alcian blue2.5/PAS-stained Carnoy-fixed tissue sections of the transverse colon
of naive control mice, mice with active disease, or mice in remission in colitis on days 1, 3, and 11 days after anti-CD4 depletion. Data from three
independent experiments quantifying three consecutive intermediate sections per colon are shown. n¼3–4 mice per group and experiment. Statistics
compare healthy controls vs. mice with active disease vs. mice in remission in colitis using one-way analysis of variance with Tukey’s multiple comparison
test. *Po0.05; **Po0.01; ***Po0.005.
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during the different stages of disease. To do so, we employed the
fluorescent-labeled rRNA probe of conserved bacterial rRNA
regions (eubacterial probe EUB338, 16S) for hybridization.
Using this technique, we demonstrate that mice with active
colitis had clear signs of bacterial dissemination to the intestinal
mucosa (Figure 4a, 16S). In contrast, the regeneration of the
mucus layer in response to treatment-induced remission
correlated with a restored physical separation of commensal
bacteria and the intestinal epithelial layer.

Restoration of intestinal epithelial barrier integrity in
response to depletion of colitogenic CD4 T cells

Pro-inflammatory cytokines, including TNFa, IL1a, IL1b, and
IL6, critically participate in the inflammatory cascade in IBD,
which includes barrier disruption.29,30 In the present study,
active colitis was associated with strong systemic TNFa
responses that were quickly abrogated upon depletion of
colitogenic CD4 T cells in mice with established disease
(Figure 5a). In line with a decrease in systemic (Figure 5a) and
colonic TNFa levels (Figure 3, see Supplementary Figure S4),
fecal lipocalin-2, a sensitive non-invasive biomarker for
intestinal inflammation, was reduced in response to
treatment-induced remission (Figure 5b). In order to test
whether the observed downregulation of local and systemic
pro-inflammatory mediators were associated with a restoration
of intestinal epithelial barrier integrity, we measured albumin
levels in the feces of mice in different disease stages. Consistent
with previous studies, fecal albumin levels were elevated in mice
with active disease.31 In response to anti-CD4 treatment, fecal
albumin levels gradually decreased with time and repetitive
anti-CD4 treatment reaching levels of healthy mice 11 days
after depletion of colitogenic CD4 T cells. These data suggest
that treatment-induced remission is associated with the
restoration of intestinal epithelial barrier integrity in this
model system (Figure 5c).

TNFa is an important mediator of acute and chronic
intestinal inflammatory disorders and treatment with mono-
clonal antibodies against TNFa has been proven to induce and
maintain clinical remission in many patients with IBD. As in
our model active colitis was associated with strong local and
systemic TNFa responses that were rapidly abrogated upon
anti-CD4 treatment (see Supplementary Figure S4B,
Figure 5a), we tested whether the remitting effect of anti-
CD4 treatment can be attributed to the observed reduction in
local and systemic TNFa. However, in contrast to anti-CD4
treatment, neutralization of TNFa in mice with established
colitis failed to induce remission and mucosal healing as
assessed by weight loss and reflected histopathological disease
scores (Figure 5d,f). Importantly, local and systemic pro-
inflammatory cytokines, chemokines, and growth factors were
not significantly affected by anti-TNFa treatment, suggesting
that in active colitis other pro-inflammatory mediators may
compensate for abrogated TNFa bioactivity and maintenance
of active colitis (Figure 6a,b). Intriguingly, while anti-TNFa
treatment was initiated prior to colitis induction, mice were
fully protected from disease as reflected in a lack of body weight

loss (Figure 5e) and low levels of local and systemic pro-
inflammatory mediators despite transfer of colitogenic CD4 T
cells (Figure 6a,b). Collectively, we carefully characterized a
new experimental model of treatment-induced remission in
mice with colitis that will allow to further study the dynamics of
mucosal healing in the context of chronic intestinal remitting–
relapsing disorders in a highly reproducible mouse model
system.

DISCUSSION

Substantial progress has been made in the past to develop
mouse models of acute and chronic intestinal inflammation.
These experimental models were of utmost importance to
decipher different aspects in the pathogenesis of IBD (Crohn’s
disease (CD), ulcerative colitis (UC)). UC and CD typically
have an unpredictable relapsing–remitting chronic course
while the molecular and cellular events causing remission in
IBD are still incompletely understood.32 Despite numerous
animal models mimicking IBD in humans, few experimental
models allow for studying cellular and molecular mechanisms
of mucosal healing associated with remission. Importantly, in
patients with IBD the early induction of mucosal healing on
endoscopy predicts clinical remission in patients with CD33 and
UC34 and a better disease control, more frequent steroid-free
remission of disease, longer resection-free intervals, and
improved quality of live. Given the relevance of mucosal
healing as a new treatment goal in IBD management, there is an
urgent need to develop new animal models to study cellular and
molecular pathways involved in early stages of remission in
mice with active colitis.

Previous studies demonstrated that remission in experi-
mental colitis could be induced by adoptive transfer of Tregs,17

administration of DSS, followed by maintenance on normal
drinking water,35 administration of TNFa antibodies,36 or
antibiotics to mice with active disease.37 One major disadvan-
tage of previously described remitting models of colitis is the
unpredictable timing and extent of remission induction. Hence,
we attempted to establish a new mouse model of reversible
T-cell colitis that allows for defined and highly reproducible
kinetics of remission induction. Employing this model system,
we assessed the kinetics of mucosal healing using different
parameters, including clinical, histopathological, and endo-
scopic measures (Figure 1), analysis of cellular infiltrates
(Figure 2), colonic gene expression profiles of pro- and anti-
inflammatory mediators (Figure 3), reconstitution of the
colonic mucus layer (Figure 4), increased proliferation of
epithelial cells (see Supplementary Figure 5), and associated
re-establishment of intestinal barrier integrity (Figure 5) in
response to treatment-induced remission in colitis. Using Hþ

Rag� /� mice that, upon transfer of colitogenic CD4 T cells,
develop a progressive colitis with clinical signs of disease
starting between day 9 and 12 after CD4 T-cell transfer
(Figure 1a), we demonstrate that administration of depleting
CD4 antibodies to mice with established colitis was associated
with a rapid improvement in clinical signs as early as 24 h after
first antibody treatment (Figure 1b). Anti-CD4 treatment was
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further associated with a significant reduction in the
frequencies and total numbers of infiltrating neutrophils
and macrophages to sites of inflammation (Figure 2) as
well as a decrease in colonic expression levels of pro-
inflammatory mediators (Figure 3), resulting in clinical and
histopathological remission in active colitis in response to
repetitive anti-CD4 treatment (Figure 1).

Infection or colonization of lymphopenic mice with
Helicobacter spp. has been demonstrated to have disease-
accelerating properties in response to T-cell-mediated transfer

colitis.38 As such, Helicobacter hepaticus infection is sufficient
to promote spontaneous colitis in mice on an IL-10-deficient
background, highlighting the importance of Helicobacter on
colitis pathogenesis.39 We employed here either H. typhlonius-
negative (H� ) or H. typhlonius-positive (Hþ ) mice for
studying disease kinetics of CD4 T-cell-mediated transfer
colitis. Although H. typhlonius colonization was not a
prerequisite for the onset of colitis and induction of remission
in active disease, the presence of H. typhlonius substantially
accelerated the kinetics of disease development compared with

Figure 5 Restoration of intestinal epithelial barrier integrity in response to treatment-induced remission in mice with colitis and contribution of tumor
necrosis factora (TNFa) in colitis induction and progression. (a) Serum TNFaprotein levels in naive Rag� /� Hþ mice, mice with active disease, or mice in
remission in colitis on days 1, 3, and 11 days after anti-CD4 depletion (postdepletion (p.d.)). (b) Fecal lipocalin-2. (c) Fecal albumin. Pooled data from 5
independent experiments with n¼ 2–11 mice per group are shown. Graphs represent mean values of individual mice. Statistics compare naive controls
vs. mice with active disease vs. mice in remission using one-way nalysis of variance with Tukey’s multiple comparison test. *Po0.05; **Po0.01;
***Po0.001. (d,e) Percentage of body weight change in response to (d) therapeutic or (e) preventive anti-TNFa treatment compared with anti-CD4
therapeutic treatment. (f) Colonic histopathology scores of naive Hþ Rag� /� mice compared with mice that were treated with anti-TNFa prior colitis
induction (prevent.), mice with active disease treated with anti-TNFa (therap., green arrows), or mice with active disease treated with anti-CD4 antibodies
(black arrows) at the indicated time points. Data with n¼4–6 mice per group are shown.
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H� recipients (see Supplementary Figure S1A). Importantly,
induction of remission in colitis occurred at similar kinetics
irrespective of H. typhlonius colonization (see Supplementary
Figure 1B,C). Despite accelerated disease kinetics, colonic gene
expression profiles and protein levels of pro-inflammatory
mediators were comparable in H� and Hþ mice with active
disease (see Supplementary Figure S3A,B). Because of the
accelerated and highly predictable kinetics of colitis induction
in Hþ mice, we used Hþ recipients that reproducibly and
progressively lose 10–15% of their initial body weight between
days 9–12 after adoptive T-cell transfer. Given that oral gavage
of H� Rag� /� mice with live H. typhlonius did not promote
local and systemic immune responses despite the establishment

of a permanent Hþ colonization (see Supplementary
Figure S2A–C), H� mice or H� breeder colonies can be
easily and reliably colonized with commercially available
H. typhlonius isolates prior to induction of reversible
T-cell-mediated transfer colitis.

CD4þ innate lymphoid cells (ILCs) are critical for
promoting immunity in the intestine by their secretion of
IL-22 that induces the expression of antimicrobial peptides and
promotes the maintenance of the epithelial barrier integrity.40

Given that in our model CD4þ ILCs may also get depleted, we
used a T-cell-specific depletion regimen to rule out an anti-
CD4-mediated depletion of CD4þ ILCs by transferring Thy1.2
congenic T cells into Thy1.1 lymphopenic hosts to further

Figure 6 Neutralization of tumor necrosis factora (TNFa) during active colitis does not alter concentrations of other pro-inflammatory mediators. Protein
levels for TNFa, interferon-g (IFNg), interleukin-17A (IL17A), IL6, IL1a, C-X-C chemokine ligand 9 (Cxcl9), and ganulocyte colony-stimulating factor
(G-CSF) in (a) colon homogenates and (b) sera of Hþ Rag� /� mice. Hþ Rag� /� mice were transferred with colitogenic CD4þ CD45RBhi T cells to
induce colitis and either treated with anti-TNFa prior to transfer of colitogenic T cells (preventive treatment), during active disease with anti-TNFa
(therapeutic treatment), or with anti-CD4 to induce remission. Mice were analyzed on days 12/13 after transfer (active disease and preventive anti-TNFa),
on day 4 after treatment (therapeutic anti-TNFa), and on day 11 after depletion (anti-CD4). Serum and colon homogenate samples were analyzd by
bead-based multiplex assay for cytokines. Mean values±s.d. are shown from pooled data of two independent experiments with n¼ 4–6 mice per group.
Statistics compare the different groups using one-way analysis of variance with Dunn’s multiple comparison test. *Po0.05; **Po0.01. Prev, preventive;
Therap, therapeutic.
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corroborate the finding of a strict CD4 T-cell-dependent
maintenance of colitis. This experimental approach allowed us
to study and compare the role of CD4 T cells in colitis induction
and maintenance of disease in the absence or preserved
presence of CD4þ ILCs. Employing anti-Thy1.2-mediated
T-cell depletion, we demonstrate that depletion of colitogenic
T cells in the preserved presence of CD4þ ILCs resulted in
rapid remission in active colitis comparable to remission
induction in mice depleted of CD4þ -expressing cells (see
Supplementary Figure S7A–D). Collectively, these data
suggest that endogenous CD4þ ILCs do not significantly
contribute to mucosal healing in this model system.

Although it has been reported that microbial stimulation of
innate immune cells and activation of T cells by their cognate
microbial antigen are both required for the development of
T-cell-mediated transfer colitis,41 we here demonstrate for the
first time that colitogenic CD4 T cells are not only necessary for
colitis induction but also essential for maintenance of disease
(Figure 1). These results are rather surprising implicating that
disruption of the intestinal barrier integrity associated with an
uncontrolled stimulation of the innate immune system by
luminal antigens is not sufficient for continuous recruitment of
pro-inflammatory innate immune cells to sites of inflammation
in the absence of colitogenic T cells in this colitis model. In
order to investigate how colitogenic CD4 T cells promote the
continuous infiltration of innate immune cells to sites of
inflammation, we targeted T cell–antigen-presenting cell
interactions by means of anti-CD40L treatment. However,
blocking CD40L–CD40 interactions did not have a disease-
ameliorating effect in mice with established disease (see
Supplementary Figure S6A,B). These data are in line with
a previous study demonstrating that blocking CD40L–CD40
interactions in the CD4 T cell transfer model of colitis was not
sufficient to ameliorate disease in mice with established
colitis.42 Therefore, continuous stimulation of innate immune
cells by colitogenic CD4 T cells may be a prerequisite for
maintenance of disease. However, additional experiments are
required to assess whether blocking T cell–antigen-presenting
cell interactions are not sufficient to promote remission in
disease in the transfer colitis model.

Next, we wanted to investigate whether a T-cell-derived
factor for intestinal mononuclear phagocyte recruitment and
differentiation was necessary for continued intestinal inflam-
mation. Blocking granulocyte-macrophages colony-stimulat-
ing factor (GM-CSF) reduces the accumulation of splenic and
colonic granulocyte-monocyte progenitors, resulting in
amelioration of transfer colitis,41,42 and as activated T cells
are a major source of GM-CSF, we analyzed colonic GM-CSF
levels in control mice, mice with active disease, and mice in
remission upon depletion of colitogenic T cells. Although
colonic GM-CSF levels were elevated in mice with active
disease, depletion of CD4 T cells resulted in a significant drop in
colonic GM-CSF levels (data not shown). Thus, consistent with
the Griseri study, a reduction of GM-CSF levels in response to
depletion of CD4 T cells was associated with an amelioration of
disease in our model system.

Treatment with TNFa-specific agents represents an impor-
tant cornerstone in current clinical therapy of immune-mediated
diseases, including CD and UC. Monoclonal antibodies directed
against soluble and membrane-bound TNFa such as infliximab
or adalimumab not only block TNFa signaling but may also have
the capacity to mediate depletion of the TNFa-producing cells by
complement-dependent cytotoxicity, antibody-dependent cell-
mediated cytotoxicity, or apoptosis induction.43 Given the
elevated systemic TNFa levels observed in our animal model that
significantly dropped upon depletion of colitogenic T cells
(Figure 5a) and the efficacy of anti-TNFa treatment for
induction and maintenance of clinical remission in IBD, we
tested whether blocking uncontrolled TNFa signaling is
sufficient to induce remission. Although depletion of
colitogenic CD4 T cells in mice with established disease
rapidly induced remission in active colitis, treatment of
colitic mice with antibodies against TNFa failed to attenuate
intestinal inflammation and animals had to be killed owing to
progressive weight loss and diarrhea (Figure 5d,f). Intriguingly,
while treatment of human peripheral blood leukocytes and
activated lamina propria cells isolated from patients with CD
with the monoclonal TNFa antibody infliximab was reported to
lead to a marked apoptosis induction in CD4 T cells,44 we did not
find indications for a cell-depleting effect in anti-TNFa-treated
mice as assessed by flow cytometric analysis of immune cell
frequencies in colonic tissues, peripheral blood, and mesenteric
lymph nodes (data not shown). Furthermore, while TNFa
concentrations in the colon and serum of colitic mice were
efficiently reduced upon anti-TNFa treatment, mRNA expres-
sion levels for TNFa in whole colonic tissue remained unaffected
(data not shown).

Remarkably, concentrations of other pro-inflammatory
mediators in the serum and colonic tissue of colitic mice
were not affected by anti TNFa treatment, thus indicating that
these mediators may compensate for the absence of TNFa
bioactivity and thus mediate exacerbation of the disease.
Previous animal studies reported a therapeutic effect of anti-
TNFa treatment.37These discrepant findings may be attributed
to the extent of intestinal inflammation present when anti-
TNFa treatment was initiated. Indeed, when, in line with
previous studies,22 administration of anti-TNFa mAb was
initiated together with the adoptive transfer of colitogenic T
cells, Hþ Rag� /� recipients were fully protected from T-cell-
mediated colitis. (Figure 5e).

The observed changes in the dynamics of mucus layer
formation throughout induction of colitis and its recovery
during remission are remarkable (Figure 4) as alterations in the
formation of the mucus layer have been associated with IBD, in
which impaired goblet cell differentiation correlates with
reduced expression of Muc-2 and the loss in mucin-
controlled barrier function enabling luminal bacteria to
invade the mucosa and trigger inflammation.26,45 Although
the role of mucins in host defense has been previously reported
in Muc-2-deficient mice that spontaneously develop colitis,27

little is known about the dynamic processes involved in the
regeneration of the mucus layer in the context of remission in
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IBD. Employing our new model of reversible T-cell-mediated
colitis, we demonstrate that in response to active intestinal
inflammation, the mucin-controlled barrier function is severely
compromised as demonstrated by reduced expression of Muc-
2. Strikingly, mucin production and the formation of the
colonic mucus layer were rapidly and completely restored in
response to depletion of colitogenic CD4 T cells. Importantly,
restoration of the colonic mucus layer was associated with
physical separation of microbes from the underlying mucosa
and the regeneration of intestinal epithelial barrier integrity
(Figure 4a). Although further studies are required to delineate
whether a compromised mucus layer is the consequence or the
cause of chronic intestinal inflammation, this model system
allows studying the dynamics of mucus-controlled barrier
functions in vivo under steady-state conditions, during chronic
intestinal inflammation, and upon treatment-induced
remission in colitis.

Evidence from human and animal studies provides compel-
ling support that both genetic predisposition and the composi-
tion of the microbiota have key roles in initiating, maintaining,
and determining the phenotype of IBD.39 Instability in the
composition of gut bacterial communities (dysbiosis) has been
linked to IBD and the development of colorectal cancer.40

Recent animal studies have demonstrated significant shifts in
microbial clades during active colitis and following treatment-
induced remission in colitis.37 Although there is substantial
evidence for changes in the composition of luminal bacteria in
the context of chronic intestinal inflammation, little is known
about the fine structure and dynamics of mucus-associated
microbial communities and their significance in the intestine as
a whole or their metabolic importance to the host. In addition to
studying the restoration of the mucus layer during remission in
colitis, our model system provides a powerful new tool to
investigate the dynamic composition of mucus-associated
bacteria in the different disease stages. It is likely that under
steady-state conditions, host-adapted bacterial communities
colonize the outer colonic mucus layer providing colonization
resistance. Under inflammatory conditions and potential
dysbiosis in mucus-associated microbial communities, luminal
bacteria with mucolytic activity may gain simplified access to
the mucosa and further promote disease. Analysis of mucus-
associated bacterial communities using 16S rRNA gene
sequencing of mucus aspirates from mice will reveal their
composition in health, disease, and remission. Understanding
what bacterial communities shape mucus-controlled barrier
functions may help to establish new treatment protocols that
promote the restoration of the mucus layer in the context of
chronic inflammatory intestinal disorders.

Mucosal healing and remission in chronic intestinal
inflammation involves complex temporo-spatial interactions
of distinct cell types, which may be critically influenced in the
microenvironment of the gut mucosa by luminal microbiota
derived metabolites and constituents (e.g., short-chain fatty
acids).41,42 The presented highly reproducible model of
remission induction allows to further dissect these complex
interactions, e.g., by specifically interfering with distinct cellular

and molecular pathways using antibody-mediated depletion/
neutralization protocols to target distinct cell types and/or
signaling pathways; the use of specific inhibitors, e.g., for Cox2;
or by the use of conditional or inducible gene-targeted donor
CD4 T cells or recipient mice to directly determine their
respective contribution in the induction and maintenance of
mucosal healing in the intestine.

The observed rapid recovery of the mucus layer following anti-
CD4-mediated remission induction, together with the spatial
separation of luminal bacteria from the colonic epithelium by a
re-established inner mucus layer, is thus just one illustrative
example on how this novel model may be used to define the
critical contributions of host- and microbiota-derived factors in
the induction of intestinal mucosal healing. Together, we
described a reversible model of T-cell-mediated colitis in which
T cells are required for both development and maintenance of
disease. This new model of reversible colitis will allow to further
investigate key mechanisms operative in the induction of
remission from colitis and/or during remitting–relapsing phases
of colitis and to perform mechanistic and preclinical efficacy
studies in the context of chronic intestinal remitting–relapsing
disorders in a highly reproducible model system.

METHODS

Mice. Wild-type C57BL/6 Helicobacter-negative (H� ) donor mice, Hþ

Rag� /� , H� Rag� /� , and Hþ C57BL/6 Cx3r1GFP/þ Rag� /� mice
were bred and housed under specific pathogen-free conditions at the
central animal facility of the Medical School of the University of Bern,
Bern, Switzerland. All animal experiments were performed in com-
pliance with the Swiss law and were approved by the animal
experimentation committee of the Canton of Bern.

Antibodies and flow cytometry. Anti-mouse CD11c (N418) and
CD25 (PC61) antibodies were purchased from eBioscience (San Diego,
CA). Anti-mouse CD45RB (16A), Ly6c (AL-21) and anti-human/
mouse Ki-67-PE (B56) antibodies were purchased from BD Phar-
mingen (San Diego, CA). Anti-mouse CD4 (RM4-5), CD3 (145-2C11),
TCRab (H57-597), CD45 (30-F11), Ly6G (1AB), GR-1 (RB6-8C5),
CD11b (M1/70), CD64 (X54-5/7.1), MHCII (M5/114.15.2), NK11
(PK136), CD19 (6D5), CD103 (M290), Thy12 (53-2.1), and Thy11
(OX-7) were purchased from Biolegend (San Diego, CA). Biotinylated
anti-mouse CD8a (53-6.7) and B220 (RA3-6B2) antibodies were
purified from hybridoma supernatants. Intracellular staining for Ki67
was performed using the FoxP3 staining kit from eBioscience.
Dead cells were excluded using the LIVE/DEAD Fixable Dead Cell
Stain Kit (blue) or DAPI (4,6-diamidino-2-phenylindole); both from
Invitrogen, Carlsbad, CA in a final concentration of 0.5 mg ml� 1.
All samples were acquired on a LSRII or LSRII SORP (BD Biosciences,
San Diego, CA) and analyzed using the FlowJo software (Tree Star,
Ashland, OR).

Mouse model of reversible intestinal inflammation. Splenocytes
isolated from naive wild-type Helicobacter-negative (H� ) C57BL/6
mice were enriched for CD4þ T cells by magnetic-activated cell sorted
depletion of CD8aþ and B220þ cells using biotinylated antibodies
and streptavidin microbeads (Miltenyi Biotec, Bergisch Gladbach,
Germany). CD4þ CD45RBhi T cells were sort purified from enriched
CD4þ T-cell suspensions on a BD FACSARIA III cell sorter (BD
Biosciences, San Jose, CA). For the induction of colitis, 10–16-week-
old C57BL/6 Rag� /� mice (Hþ or H� ), Hþ Thy1.1 Rag� /� , or Hþ

Cx3r1GFP/þ Rag� /� were injected intraperitoneally with 2� 105

CD4þ CD45RBhi T cells or as a control injected with 2� 105 of CD4þ

CD45RBlo CD25þ Treg-enriched cells. To induce remission, mice
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with active intestinal inflammation (clinical scores 8–10) were injected
intraperitoneally with a depleting antibody against CD4 (clone
GK-1.5, 500mg per mouse (BioXcell, West Lebanon, NH)) or an
isotype control mAb (clone LTF-2, 500mg per mouse) with an interval
of 72 h between the injections starting at days 9–12 or with a clinical
score between 8 and 10 after CD4 T-cell transfer. For selective
depletion of Thy1.2-expressing CD4 T cells transferred into Thy1.1
Rag� /� -recipient hosts, anti-Thy1.2-depleting antibodies were
injected intraperitoneally (clone 30H12, 500 mg per mouse (BioXcell)).
For neutralization of TNFa or blocking of CD40-CD40L signaling,
mice with active disease were injected intraperitoneally with anti-
TNFa antibodies (500 mg per mouse once daily, clone TN3-19.12,
BioXcell) or anti-CD40L (500 mg per mouse once daily, clone MR-1,
BioXcell), respectively. All animals were monitored on a daily basis for
weight loss and normal activity and were killed at the indicated time
points or when loosing X20% of body weight.

Clinical and histopathological disease scoring. For clinical disease
scoring, animals were monitored daily based on the following
parameters: weight loss: 0–4: 0% weight loss (0); p5% weight loss (1),
p10% weight loss (2); p15% weight loss (3); and p20% weight loss
(4). Stool consistency: 0–3: normal feces (0); loose stool (1); diarrhea
for up to 24 h (2); and persistent diarrhea (3). Blood in the stool: 0–3: no
blood (0); appearance of blood (1); and persistent blood in the stool (3).
Behavior: 0–4: normal (0); reduced activity, piloerection (2); signs of
serious pain: reduced activity, curved posture, piloerection, labored
breathing (4). Maximal clinical disease score: 14. For histopathological
disease scoring, colonic specimens were fixed in 4% paraformaldehyde
for subsequent paraffin embedding. Deparaffinized tissue sections
were stained with hematoxylin and eosin and histological scoring was
performed based on the following parameters: infiltration of lamina
propria of the large bowel (0–3), loss of goblet cells (0–3), crypt
abscesses (0–3), epithelial erosion (0–1), hyperemia (0–2), and
thickness of the colonic mucosa (0–3) resulting in a maximal colitis
score of 15. Investigators were blinded to treatment groups when
scoring for clinical and histopathological changes.

Cell isolation. Colonic intestinal lamina propria lymphocytes and
intestinal mononuclear phagocytes were isolated as described previously
with minor modifications.43 Briefly, intestinal tissue pieces were stirred
at two consecutive times in Ca2þ and Mg2þ -free Hanks balanced salt
solution (HBSS) containing 10 mM Hepes, 5% fetal calf serum (FCS),
and 2 mM EDTA at 37 1C for 20 min. Detached cells were discarded and
the remaining intestinal tissue was incubated with HBSS/HEPES buffer
containing 5% FCS and 100 U ml� 1 collagenase type IV (Sigma, St Louis,
MO) and 50 U ml� 1 DNase (type I, grade II; Roche Diagnostics,
Indianapolis, IN) at 37 1C for 30 min. Isolated cells from the lamina
propria were then passed through a 40-mm pore size for subsequent
counting and fluorescence-activated cell sorting analysis. Cells from the
lymph nodes and spleen were isolated by grinding the organs between the
frosted ends of two glass slides followed by filtering through 40-mm cell
strainers. Cells were gated as following as singlet, live cells: dendritic
cells: CD45þCD3�NK1.1�CD19�Ly6G�MHCIIþCD11cþ ;
macrophages: CD45þCD3�NK1.1�CD19�Ly6G�MHCIIþ

CD64þ ; neutrophils: CD45þCD3�NK1.1�CD19�Ly6G�

CD11bþGR1þ ; monocytes: CD45þCD3�NK1.1�CD19�Ly6G�

CD11bþLy6Cþ ; and Cx3cr1-expressing (hi/lo) cells: CD45þ

CD3�NK1.1�CD19�Ly6G�CD11bþGR1�Ly6cþ GFPhi/lo.

RNA isolation, cDNA synthesis, and quantitative real-time RT PCR.
RNA was isolated from the indicated tissues using TRIzol according to
the manufacturer’s instructions (Molecular Research Centre,
Cincinnati, OH). Genomic DNA was digested with DNase I (Ambion,
Austin, TX), and cDNA was generated using the High Capacity
Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA). For
Custom RT Profiler PCR arrays, samples were run with RT SYBR green
ROX Fast on an Applied Biosystems 7900HT Fast Real-Time PCR
system. Expression of genes was normalized to Gapdh and

b2-microglobulin. Real-time PCR was performed using the Sequence
Detection System software version 1.2.2 (Applied Biosystems).

Immunofluorescence and 16S rRNA in situ hybridization. Colonic
tissues containing luminal contents were fixed in Methanol-Carnoy’s
fixative (dry methanol, Chloroform, glacial acetic acid, ratio 6:3:1).
Fixed tissues were consecutively washed in methanol, ethanol, and
xylene prior to embedding in paraffin. Paraffin-embedded tissue
samples were cut in 6-mm-thin tissue sections, deparaffinized in xylene,
and hydrated for immunostaining and fluorescence in situ hybridi-
zation. Paraffin-embedded MetOH-Carnoy-fixed tissue sections were
stained with Alcian blue2.5/periodic acid-Schiff.22 Fluorescence in situ
hybridization was performed using a general bacterial 16S rRNA probe
(EUB338).46 Immunostaining for Muc-2 was performed using an anti-
Muc-2 polyclonal rabbit IgG antibody (Santa Cruz Biotechnologies,
Dallas, TX, Clone H-300) and an Alexa488-conjugated anti-rabbit IgG
antibody (Invitrogen). DAPI was used to counterstain DNA for
immunostaining and fluorescence in situ hybridization, and sections
were analyzed using confocal microscope (Olympus FV1000, Olympus
Europe, Hamburg, Germany).

Cytokine detection. For detection of protein levels of pro-inflam-
matory mediators in the serum and colon homogenates Bead-based
multiplex assays (Mouse cytokine/chemokine Array 31plex, Eve
Technologies, Calgary, Alberta, Canada) were performed or enzyme-
linked immunosorbent assay to detect TNFa in the serum of mice.

Endoscopy. Remission in mice with colitis was monitored upon
depletion of colitogenic CD4 T cells at the indicated time points with a
high-resolution video endoscopic system (Karl Storz IMAGE1 System,
Tuttlingen, Germany).

Statistics. All data were analyzed using Graphpad Prism 6 (La Jolla,
CA). Results are shown as mean±s.d. Statistical significance was
determined using one-way analysis of vaiance with Tukey’s multiple or
Dunn’s multiple comparison test. Results were considered significant
at Pp0.05. *Po0.05; **Po0.01; ***Po0.005; and ****Po0.001.

SUPPLEMENTARY MATERIAL is linked to the online version of the paper

at http://www.nature.com/mi
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